Anaerobic co-digestion allows for under-utilised digesters to increase biomethane production. The organic fraction of municipal solid waste (OFMSW), i.e., food waste, is an abundant substrate with high degradability and gas potential. This paper investigates the co-digestion of mixed sludge from wastewater treatment plants and OFMSW, through batch and continuous lab-scale experiments, modelling, and microbial population analysis. The results show a rapid adaptation of the process, and an increase of the biomethane production by 20% to 40%, when co-digesting mixed sludge with OFMSW at a ratio of 1:1, based on the volatile solids (VS) content. The introduction of OFMSW also has an impact on the microbial community. With 50% co-substrate and constant loading conditions (1 kg VS/m 3 /d) the methanogenic activity increases and adapts towards acetate degradation, while the community in the reference reactor, without a co-substrate, remains unaffected. An elevated load (2 kg VS/m 3 /d) increases the methanogenic activity in both reactors, but the composition of the methanogenic population remains constant for the reference reactor. The modelling shows that ammonium inhibition increases at elevated organic loads, and that intermittent feeding causes fluctuations in the digester performance, due to varying inhibition. The paper demonstrates how modelling can be used for designing feed strategies and experimental set-ups for anaerobic co-digestion.
Introduction
In anaerobic digestion (AD), organic material is biologically degraded. In the process, the organic material is stabilised, thereby minimizing further biological activity, and energy-rich biogas (a mixture of mainly biomethane, CH 4 , and carbon dioxide, CO 2 ) is produced. AD is commonly used at wastewater treatment plants (WWTPs) for stabilizing mixed sludge (primary and secondary waste sludge). The produced biomethane could be used internally for the production of electrical power and heat, or even up-graded to vehicle fuel quality for sale. Following the strong focus on energy
Materials and Methods
In this study, experimental work in batch and continuous reactors has been combined with modelling and simulation to assess the performance of AcoD. The methodology is illustrated in Figure 1 . Physico-chemical analysis and biomethane potential (BMP) tests were carried out for the characterisation of the substrates used for the modelling and design of the continuous experiments. The model was calibrated based on the results from the continuous reactors, and it was further analysed for a deeper understanding of the process. Furthermore, a population analysis of methanogenic organisms was performed on the anaerobic sludge. 
Experimental Methods

Substrate Characterisation
Two substrates were used for co-digestion in this study: (1) Mixed sludge (pre-thickened primary and secondary sludge) from the WWTP Getteröverket in Varberg, Sweden and (2) OFMSW collected from households in Varberg, Sweden. The food waste was sorted daily, by the households, in paper bags, and collected in dust-bins every second week. In order to make sure that the bags contained only OFMSW, and to determine the food waste composition, the contents were examined and weighed prior to homogenization. The composition of the OFMSW was determined as: dough-based products, 25.28 wt %, vegetables, 42.72 wt %, animal products, 14.46 wt % and fruits, 17.54 wt %. After sampling, batches of both substrates were mixed and stored in a freezer (−20°C), and recovered for each experiment and feeding. The OFMSW was additionally homogenised in a mixer to reduce the particle size to less than 1 mm. The following physico-chemical analyses were performed for each substrate: dry solids (DS, SS-EN 12880:2000), chemical oxygen demand (CODCr, ISO 15705:2002(E)), COD filtered (LCK 114), VS (SS-EN 12879:2000), Kjeldahl nitrogen (SS-EN 13342), total nitrogen (TN, LCK 338), fat (NMKL 131), ammonium (NH4-N, LCK 302), and volatile fatty acids (VFA, LCK 365). The inoculum for all experiments was retrieved from the mesophilic full-scale AD reactor at Getteröverket WWTP.
Biomethane Potential Tests
The biomethane potential (BMP) test is an analytic method for determining the methane potential of different organic substrates. The method is frequently used and well documented in scientific literature [26, 27] . BMP is performed by mixing the substrate with the active anaerobic inoculum in anaerobic lab-scale batch digesters. When analysing the BMP results, several factors should be considered. The most significant ones are: pre-treatment and handling of the sample and inoculum, inoculum-to-substrate ratio, temperature, mixing, the particle size of the substrate, and the number of replicates and blanks. The BMP tests in the trials were executed using the Automatic Methane Potential Test System (AMPTS) II (version 1.7, Bioprocess Control, Lund, Sweden, 2014). The AMPTS II equipment is thoroughly described in the Supplementary Information.
The batch experiments lasted for 30 days. Before the trials were initiated, the amounts of dry and volatile solids of the substrates and the inoculum were determined. The inoculum-to-substrate ratio used for the experiments was 2 to 1, based on the volatile solids (VS) content, for all substrates. Several studies suggest that the optimal methane yield for batch tests is reached when the inoculum-to-substrate ratio is 2 to 1 [28] . After mixing the inoculum and the different substrates, the test bottles were filled with 400 mL (head space 200 mL) and operated at 37°C. All BMP tests were performed in triplicates for each substrate-inoculum combination. Heating and mixing of each reactor, as well as the colour of the pH indicator in the CO 2 fixing unit, were monitored daily. Also, the temperature and the water level of the enclosing container of the AMPTS were checked daily.
Continuous Experiments
Two parallel five litre continuous-stirred tank reactors (CSTRs) were operated at mesophilic conditions with a hydraulic retention time (HRT) of 22 days, fed once a day throughout the experiment. Reactor 1 (R1) was fed with a blend of mixed sludge and OFMSW with a ratio of 1 to 1, based on the VS content of the substrates. As a reference, Reactor 2 (R2) was fed only with mixed sludge taken from a pre-thickener at Getteröverket WWTP, where both primary sludge from the pre-sedimentation basins and secondary sludge from the activated sludge process were simultaneously pre-thickened. The reactors were filled with 5 liters of inoculum from the full-scale WWTP digesters at the start of the experiment, and initially operated at an organic loading rate (OLR) of 1.0 kg/m 3 /d for 33 days, i.e., 1.5 HRTs. After 33 d, the OLRs were increased in both reactors to 2.0 kg/m 3 /d, keeping the same substrate ratio. The amount of water for dilution was adjusted to maintain a constant HRT of 22 d throughout the experiment.
During the tests, the biogas production was monitored continuously from each reactor using a µ-flow on-line instrument, a flow meter for ultra-low gas flow detection, which includes real-time temperature and pressure compensation for the normalization of gas flow rate and volume measurement at 0 degrees Celsius, and 1 standard atmosphere (atm). The biogas produced was collected separately for each reactor, and the methane and carbon dioxide contents were measured daily. For monitoring purposes, weekly samples were also taken to determine the concentrations of VFAs, bicarbonate alkalinity (BA), total alkalinity (TA), DS and VS [29] . The samples were analysed by an accredited laboratory using methods as follows: pH (SS-EN ISO 10523), VS (SS-EN 12879), DS (SS-EN 12880), VFA (LCK 365), total alkalinity (titration with 0.05 M HCl to pH 4.0), and bicarbonate alkalinity (titration with 0.05 M HCl to pH 5.75).
Identification and Quantification of Methanogenic Archaea
Identification and quantification of methanogenic archaea were carried out using fluorescence in situ hybridization (FISH) [30] in five anaerobic sludge samples, stabilised 1:1 (v/v) with ethanol (absolute). The general content of methanogenic archaea was analysed using a FISH test kit with standardised methodology and prepared solutions (VIT ® Methanogenic archaea, Vermicon AG, Germany). The test kit detects methanogens that are affiliated with Euryarchaeota, which cover the range of Archaea that are reported to be responsible for methanogenesis [25] . In situ hybridization was performed in accordance with the manual of the VIT ® Methanogenic archaea test kit. In addition, a set of specific oligonucleotide probes was used to differentiate the methanogens in the same samples based on their order (Methanomicrobiales, Methanobacteriales and Methanosarcinales) and family level (Methanospirillaceae, Methanocorpusculaceae, Methanosaetaceae and Methanococcaceae) [31] . The total number of viable cells was determined by hybridizing the specific oligonucleotide probes for methanogens, together with a mixture of oligonucleotide probes specific for the domains Bacteria and Archaea [32, 33] .
Hybridised cells were excited and examined using a fluorescence microscope (Zeiss Axiostar plus). The relative area covered with target methanogenic archaea in relation to all viable cells was analysed in more than 10 randomly selected captured fields, and the average percentage of the population was calculated.
Modelling Anaerobic Digestion Processes
The model used for simulations in the study was the IWA Anaerobic Digestion Model No. 1 (ADM1) [21] . ADM1 describes the main biological reactions in the digester, including hydrolysis, acidogenesis, acetogenesis, and methanogenesis (aceticlastic and hydrogenotrophic). The model calculates the 26 state variables of the model using 19 biological reactions, i.e., ordinary differential equations. The model has about 50 kinetic parameters (e.g., growth rates, saturation constants and decay rates) and functions for the inhibition of pH, free ammonia, and hydrogen. Furthermore, the model implementation used in this study was expanded with the inhibition of long-chain fatty acids (LCFA), as described in Arnell et al. (2016) [34] .
The modelling methodology of Arnell et al. (2016) [34] for AcoD was used. It provides a procedure for characterisation of substrates. The two-step procedure with (1) the determination of hydrolysis rate (k hyd ) and biodegradable fraction of COD (f d ) from BMP tests and (2) the fractionation of COD and nitrogen into model state variables, was used for both substrates. Following the procedure, particulate COD was fractionated as carbohydrates (X ch ), proteins (X pr ), lipids (X li ), and inerts (X i ) rather than composite material (X c ). This omits the disintegration process for substrates in the ADM1, and assumes the hydrolysis of particulate COD as the rate-limiting step [23] . For the substrate characterisation, BMP test results (the total gas flow and the methane content analysis) were used, along with the stipulated physico-chemical analyses [34] . For OFMSW, the analysed total COD content was found to be an underestimation, because the resulting methane production exceeded this; see Section 3 and Supplementary Information, Table S1 . The total COD concentration of OFMSW was instead estimated to 235 kg/m 3 , based on the DS content of the sample, and values from literature [20, 35, 36] .
Initially [20, 34] . However, due to the fundamental model construction (i.e., virtually separated hydrolysis reactions) the structure gave rise to hydraulic delays and erroneous results in dynamic simulations. Instead, the ADM1 was modified, introducing three new state variables (X ch2 , X pr2 , and X li2 ) and three new processes (first-order hydrolysis of X ch2 , X pr2 , and X li2 ) with separate hydrolysis processes (in this case, using a common hydrolysis rate). Thereby, the mixed sludge and OFMSW could be characterised individually, and the hydrolysis was separated with individual rates for the two substrates. The model structure for the extended hydrolysis processes is illustrated in Figure S1 in the Supplementary Information.
All modelling and data analysis in this study was performed using the MatLab/Simulink software package with toolboxes (MatLab 8.3, The Mathworks Inc., Natick, MA, USA, 2014).
The BMP tests of inoculum (blanks), mixed sludge and OFMSW were modelled using the full ADM1. Parameter estimation was performed based on non-linear optimisation. The results, i.e., parameters and substrate fractionation, obtained from modelling the BMPs were then used for modelling the two continuous experiments. The true reactor volumes, feed stock and feeding patterns were used to model all the experiments.
Results and Discussions
Biomethane Potential Tests and Substrate Characterisation
The substrate characterisation and modelling of BMP tests for mixed sludge and OFMSW resulted in the state variables and estimates of biogas potential and hydrolysis rates are shown in Table 1 . The methane production curves are displayed in Figure 2 . The estimated ultimate gas production was 475 m 3 CH 4 /t VS for OFMSW, which was 66% higher than for the mixed sludge. These values were in the same range as in the literature [12] . Also, the estimated hydrolysis rates were in the same range as previously reported [16] . For the BMP curves, the model fit to the data was generally good. Two discrepancies could be seen. For the modelled BMP of mixed sludge, the methane production decreased slightly towards the end of the test (Figure 2b, bottom) . This was not a correct behaviour for a cumulative curve. The explanation was that the inoculum in the model produced more gas than in the experiments. In turn, this was explained by the fact that not enough data was available to accurately characterise the actual inoculum that was used in the experiments. Instead, the standard WWTP inoculum composition from Gernaey et al. (2014) was used [23] . Furthermore, the BMP curve for OFMSW (Figure 2a) shows an S-shaped profile at the beginning of the test. This lag indicates that the inoculum needs to adapt to the new substrate at high loading rates. In the ADM1, this time lag for adaptation was not included. However, the characterisation of, and the estimation of hydrolysis rate for the substrate was considered acceptable. For the substrate characteristics, it can be noted that the estimated lipid content was relatively high, but within the range of what has been previously reported [12, 37] , for both substrates. Selected data from measurements on the substrates are found in Table 1 . A comprehensive list of raw measurement data is provided in the Supplementary Information, Table S1. 
Continuous Reactors
The simulated gas production from the CSTR experiments is shown together with data in Figure 3 . As expected from the higher methane yield in the BMP tests, reactor R1 (applying AcoD) had higher gas production than the reference reactor (R2). The average measured gas production with a load of 1 kg/m 3 /d was 340 L CH 4 /m 3 V AD /d for R1, which was 42% more than for R2 (240 L CH 4 /m 3 V AD /d). With a load of 2 kg/m 3 /d, the average gas production increased to 620 L CH 4 /m 3 V AD /d for R1 compared to 510 L CH 4 /m 3 V AD /d for R2, a difference of 22%. The smaller difference at the higher loading rate reflects that the specific biomethane production (L CH 4 /kg VS) decreased for R1 and increased for R2. For both reactors, the simulated gas production generally showed a good fit with the data. The correlation of simulated and measured gas production was evaluated with a paired t-test. The difference was significant for neither reactor. The simulation results were obtained using the parameters and substrate fractionation retrieved from the modelling of the BMP tests, which shows that the procedure for substrate fractionation and parameter estimation based on BMP test data is applicable for calibrating a model describing continuous experiments. Previous simulation studies have proven the transferability of lab-scale results to full-scale plants [38] . The gas production profile was stable from the start of the experiment. At day 33, when the load is gradually increased from 1 to 2 kg/m 3 /d, the monitored gas production increased instantly in both reactors. This indicates that very little adaptation is required by the microorganisms to utilise the substrates, both mixed sludge and OFMSW at these loading rates.
The increased gas production and limited need for adaptation is reflected by the quantitative measurements of methanogenic archaea. The identified Methanosaetaceae and Methanomicrobiales returned strong fluorescent signals, indicating high physiological activity (see Figures S4 and S5 in the Supplementary Information). It can be seen from the population analysis data in Table 2 that for R1, the methanogens started to increase from the very start of the experiment when the reactor was fed a combination of sludge and OFMSW. The same increase was not detected in R2, which was fed only sludge (i.e., the same substrate and similar OLR that the inoculum was already adapted to). A further increase in methanogens was seen after the load increase to 2 kg/m 3 /d, and again, only short-term adaptation was required. The increase in methanogens was mainly seen by Methanosarcinales. This means that changes in the degradation processes occur at this load. The process shifted significantly towards acetate. Also, in reactor R2, the methanogens increased significantly when the load was doubled. However, in this case, the composition of the community did not change. The ratio between Methanosarcinales and Methanomicrobiales remained constant, at approximately 1. The different behaviour for the two reactors (methanogens increasing already at OLR 1 kg/m 3 /d for R1, and less at an increase to OLR 2 kg/m 3 /d in contrary to R2, where the methanogens increased first as the load is increased) explains the reduced difference in specific biomethane production at the higher load. The quantified species did not fully comply with and did not cover all the microorganisms of the ADM1 model. Therefore, the activity data cannot be used directly for model calibration. However, the model inoculum was acclimatised to realistic initial levels by simulating a WWTP AD process to steady state at the same operating conditions as for the Getteröverket WWTP. Figure 3. (a) Gas production for the continuous lab-scale reactor R1; (b) Gas production for the reference reactor R2. Total gas flow (top) and methane flow (bottom). Markers represent the data for daily gas production, grey lines represent the modelled instantaneous gas production, and blue lines show the modelled average daily gas production. The red dashed lines mark the time for load increase. The few physico-chemical analyses on the biosolids from R1 and R2 (see Table 3 ) showed a decreasing trend for three-quarters of the duration of the experiment, and only a slight increase towards the end (individual measurements not presented). This indicates that the time for the experiment (3 HRTs with a load increase after 1.5 HRTs) was too short for the reactors to fully stabilise. The simulation outputs for reactors R1 and R2 were analysed for the inhibition of the anaerobic degradation processes with the same set of conditions as the continuous experiments. Out of the inhibitions included in the model, only ammonium inhibition (I IN ) was found to be active at any point (i.e., I < 1) in the simulated experiments. In Figure 4 , I IN is shown for R1. The ammonium inhibition was active (value around 0.87) already when the experiment started ( Figure 4a ), but it increases at higher OLR. This was considered to be limited inhibition, although there was some variation during the course of a day. When feeding was activated, ammonium inhibition was first reduced (I IN increases) but then it increased again to a similar level. In the model, this was explained by the following causal chain of reactions. The inorganic nitrogen (causing inhibition in the model) was mineralised, as protein in the substrates were first hydrolysed to amino acids, which in turn were degraded, upon which the nitrogen was released. So, at feeding, the S IN concentration was first diluted, but it later increased again, following the degradation of the fresh substrate. However, I IN did not return to its original value before the next feeding started, and it did not seem to stabilise within the 1.5 HRTs after the load increase. This detailed information could be used in the design of feeding strategies in both the lab-scale and full-scale anaerobic digestions. The results show that continuously feeding strategies are preferable, in order to avoid instantaneous inhibition caused by intermittent feeding. 
Conclusions
•
Applying anaerobic co-digestion (AcoD) with organic fractions of municipal solid waste (OFMSW) and mixed sludge increases the gas production at equivalent loads. With a feed composition 50/50% of the two substrates, the experiments show 22-42% more biogas production than for a reference reactor fed with only mixed sludge. • Implementation of co-digestion of the sewage sludge and OFMSW shows rapid adaptation. In the biomethane potential tests (i.e., high substrate to inoculum ratio) a short lag, indicating adaptation, appears. However, in continuous lab-scale experiments at reasonable loading rates (1 to 2 kg/m 3 /d of VS) the response in gas production was immediate, showing that no adaptation was needed. This conclusion is supported by the equally rapid increase in methanogenic microbial population when co-digesting sludge and OFMSW.
The organic loading rate and substrate composition have an impact on the composition of the microbial community in the reactor. The methanogenic microbial population increases when commencing co-digestion of sewage sludge and OFMSW on a WWTP inoculum. This effect is further pronounced at an increased load, which also promotes a change in the methanogenic microorganisms towards the acetate production pathway.
The feeding strategy of continuous lab-scale digestion experiments has an impact on the instantaneous digester performance. The simulation results show that intermittent feeding leads to short-term ammonium inhibition of the process.
Modelling is a suitable tool to evaluate the experimental design of AD. The BMP tests of the substrates were simulated using ADM1, and a characterisation procedure featuring both influent fractionation and parameter estimation was used. The estimated input fractions and parameters were successfully used also for modelling continuous experiments. It can be concluded that model characterisation based on BMP data is applicable for modelling continuous reactors. Furthermore, the study shows that modelling provides insights into inhibition phenomena which cannot be observed in the continuous experimental results. 
Nomenclature
